Introduction
============

HER2 overexpression or amplification delineates a HER2-positive breast cancer (BC) subgroup characterized by a high mitotic index and an elevated metastatic potential and is considered intrinsically heterogeneous, both biologically and genetically.^[@bib1],\ [@bib2]^ Indeed, emerging evidence suggests that the co-existence of the full-length/wild-type (WT) HER2 oncoprotein (WTHER2) with altered forms of HER2, such as carboxy-terminal truncated fragments,^[@bib3]^ activating mutations^[@bib4]^ or alternative splice variants,^[@bib5]^ significantly increases the heterogeneity of HER2-positive disease, affecting its biology, clinical course and treatment response.^[@bib6]^ It is well known that alternative splicing affords a significant evolutionary advantage by providing a large source of proteomic diversity and can be aberrantly regulated by cancer cells to their advantage, with aberrant splicing of proto-oncogenes producing constitutively active or even gain-of-function variants that confer survival or proliferative abilities.^[@bib5],\ [@bib6]^

Along with others, we have reported that BC patients and HER2-positive human cancer cell lines constitutively express a splice variant of the HER2 gene characterized by the lack of exon 16 (d16HER2).^[@bib7],\ [@bib8],\ [@bib9]^ This deletion promotes the generation of a particularly aggressive HER2 isoform that forms stable and constitutively activated d16HER2 homodimers (pd16HER2D) on the tumor cell surface and couples with activated SRC (pSRC) kinase.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ Our comparison of the tumorigenic potential of human d16HER2^[@bib11]^ and WTHER2^[@bib15]^ in the corresponding transgenic (tg) mouse models clearly pointed to the candidacy of d16HER2 as a 'driver\' of human HER2-positive BC,^[@bib13]^ a finding very recently supported by others in different d16HER2 and full-length HER2 tg mouse models.^[@bib14]^ Furthermore, we provided insights into the functional relationship between pd16HER2D and pSRC in pre-clinical and clinical settings. Human HER2-positive BCs expressing significantly higher levels of d16HER2 and pSRC, defined as cases with high 'activated-d16HER2 metagene\' expression, were significantly enriched in hypoxia, tumor metastasis and cell motility pathways, suggesting more epithelial--mesenchymal transition (EMT) and tumor stemness features than in BCs with low levels of the 'activated-d16HER2 metagene\'.^[@bib13]^ In this context, previously reported *in vitro* evidence showed that the ectopic expression of d16HER2 in human engineered cellular models significantly favors both migration/invasion and proliferation compared with WTHER2-positive cellular counterparts^[@bib10],\ [@bib12]^ and the upregulated expression of mesenchymal markers.^[@bib12],\ [@bib14]^

Emerging data suggest that the clinical efficacy of molecularly targeted therapies is related to their ability to target BC-initiating cells (BCICs), a population that is not only self-sustaining but that also contributes to tumor growth, aggressiveness and metastasis.^[@bib16]^ Current evidence indicates that HER2 is an important regulator of BCICs in HER2-positive BCs and that anti-HER2 therapies effectively target BCICs.^[@bib16],\ [@bib17],\ [@bib18],\ [@bib19]^ From this perspective, we reported that HER2-positive BCs expressing an 'activated-d16HER2 metagene\' were found to derive the greatest benefit from Trastuzumab treatment in the adjuvant setting,^[@bib13]^ in which targeting BCICs is crucial. To examine the possibility that expression/activation of the d16HER2 variant is increased/predominant in BCICs of HER2-positive tumors, we tested whether the constitutive and ectopic expression of the d16HER2 splice variant sustains/favors stemness and aggressiveness/EMT programs vs the WT full-length HER2 molecule in HER2-positive BC.

Overall, the present findings point to a role for the d16HER2 variant in governing the EMT program and maintenance/expansion of BCICs in HER2-positive BCs. Moreover, the inhibition of mammosphere formation observed in d16HER2-positive cells upon treatment with two specific Notch inhibitors and the clinical evidence of *Notch* pathway enrichment in HER2-positive BC patients whose tumors are enriched in the 'activated-d16HER2 metagene\' suggest that the reported cross-talk between HER2 and NOTCH pathways^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ is mainly driven by activation of the pd16HER2D and pSRC signaling axis as the mechanism supporting/regulating stemness.

Taken together, these observations suggest that the d16HER2 variant guides a key oncogenic signal that has a significant impact in HER2-driven BC stemness and tumorigenesis vs its full-length form.

Results
=======

Characterization of d16HER2-positive (MI6 and MI7) and WTHER2-positive (WTHER2_1 and WTHER2_2) tumor cell lines
---------------------------------------------------------------------------------------------------------------

To better understand the pathobiological role of the d16HER2 variant vs the WTHER2 form in HER2-positive BC, we generated cellular models named MI6, MI7, WTHER2_1 and WTHER2_2 from spontaneous primary mammary lesions that developed in the corresponding tg animals.^[@bib13]^ Fluorescence *in situ* hybridization analysis of *HER2* genetic status in MI6, MI7, WTHER2_1 and WTHER2_2 tumor cells revealed a single signal from both metaphase and interphase nuclei on 2 chromosomes in both d16HER2-positive cell lines ([Figure 1a](#fig1){ref-type="fig"}, i and ii, magnified insets), whereas clusters of amplified signals were identified within 2--3 chromosomes in both WTHER2-positive cell lines ([Figure 1a](#fig1){ref-type="fig"}, iii and iv, magnified insets). Cytogenetic analysis revealed diploid karyotypes (40 chromosomes) in d16HER2-positive cells compared with the near-tetraploid karyotypes (76--88 chromosomes) observed in WTHER2 cells, consistent with previous observations in spontaneous tumors.^[@bib13]^ Fluorescence-activated cell sorting (FACS) analysis confirmed that the relative median fluorescence intensity of MI6 and MI7 cells indicated significantly lower levels of HER2 than in WTHER2_1 and WTHER2_2 cells ([Figure 1b](#fig1){ref-type="fig"}). Western blot analysis of MI6, MI7, WTHER2_1 and WTHER2_2 cell protein extracts showed that basal d16HER2 homodimers (d16HER2D) were expressed and phosphorylated (p) (pd16HER2D) in d16HER2 cells^[@bib13]^ ([Figure 1c](#fig1){ref-type="fig"}). In WTHER2_1 and WTHER2_2 cells, the signal transduction of pWTHER2 was mainly coupled to elevated levels of the p-mitogen-activated protein kinases (pMAPK) and, to a lesser extent, to pAKT and pSRC ([Figure 1d](#fig1){ref-type="fig"}, right), which, conversely, were found to be mostly functional in MI6 and MI7 cells ([Figure 1d](#fig1){ref-type="fig"}, left). Analyses of anchorage-independent clonal efficiency indicated the significantly greater ability of d16HER2 cells to grow in three-dimensional (3D) culture conditions ([Figure 1e](#fig1){ref-type="fig"}). Overall, these distinctive cellular properties confirmed the suitability of the isolated d16HER2- and WTHER2-positive cell lines to mirror the *in vivo* aggressiveness of the two models.^[@bib13]^

Molecular analyses of d16HER2- and WTHER2-positive tumor cell lines
-------------------------------------------------------------------

To investigate the molecular mechanism underlying the higher d16HER2- vs WTHER2-driven aggressiveness, we examined whole-gene expression profiles of d16HER2- and WTHER2-positive cell lines. Unsupervised hierarchical clustering using the top 5000 most variable genes showed that d16HER2 and WTHER2 cells clustered in two well-discrete branches, indicating distinct transcriptional profiles between the two classes ([Figure 2a](#fig2){ref-type="fig"}). Differential expression analysis highlighted 992 and 1137 genes significantly up- and downregulated in d16HER2 cells compared with WTHER2 samples, respectively ([Figure 2b](#fig2){ref-type="fig"}). Functional annotation revealed that genes upregulated in MI6 and MI7 cells were significantly enriched (false discovery rate \<0.05) for pathways related to stemness, EMT, migration and invasion ([Figure 2c](#fig2){ref-type="fig"} and [Supplementary Table S2A](#sup1){ref-type="supplementary-material"}). Pathways including genes associated with p53 signaling, inflammation and the immune response were enriched in WTHER2_1 and WTHER2_2 cells ([Figure 2c](#fig2){ref-type="fig"} and [Supplementary Table S2B](#sup1){ref-type="supplementary-material"}). Based on these and previous ^[@bib13]^ molecular results, we tested whether d16HER2-positive cells were further enriched in tumor-initiating genes compared with WTHER2-positive cells. To this aim, we applied Gene Set Enrichment Analysis (GSEA) using four *ad hoc* gene sets, including genes of the *Wnt*, *mTOR, Notch* and *Hedgehog* pathways, known to govern normal and cancer stemness^[@bib23]^ ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). We found a significant positive enrichment of *Wnt* and *Notch* gene sets in d16HER2 vs WTHER2 counterparts ([Figure 2d](#fig2){ref-type="fig"}). Indeed, several genes belonging to these two gene sets were differentially expressed between the two cell types, and the majority was upregulated in d16HER2 cells ([Figure 2e](#fig2){ref-type="fig"}).

In light of the significant biological and molecular similarity occurring between MI6 and MI7 cells vs WTHER2_1 and WTHER2_2 cells and based on the highest *in vitro* stability of MI6 vs MI7 cells and WTHER2_1 vs WTHER2_2 cells, we validated previous findings using MI6 and WTHER2_1 tumor cells as the best representative *in vitro* models of the corresponding *in vivo* tg animals.^[@bib13]^ Thus, based on evidence that the *Wnt* and *Notch* pathways are also involved in the EMT program,^[@bib24]^ we used a commercial array to analyze the expression of EMT-related genes in MI6 and WTHER2_1 cells. Of 84 genes included in the platform, 19 were expressed in MI6 cells at levels \>4-fold those in WTHER2_1 cells ([Figure 3a](#fig3){ref-type="fig"}), whereas only 6 transcripts (*Vim, Bmp7, Fgfbp1, Tmeff1, Wnt11* and *Gsc*) were upregulated in WTHER2_1 cells (data not shown). To validate the identity of the potential gene pathways contributing to the highly aggressive d16HER2-driven tumor phenotype, we used quantitative reverse transcriptase--PCR analysis to analyze the expression of several EMT and stemness-related transcripts, such as *Sox10, Tgfb1, Hey2, Wnt5a, Notch4, Ptk2, Notch3, Wnt5b* and *Fzd5,* which were found to be upregulated either in the gene expression profile or in the EMT array assay ([Figure 3b](#fig3){ref-type="fig"}). Furthermore, we validated microarray and EMT array results at the protein level and found higher levels of SOX10, TGFβ1, WNT5A, FAK (*Ptk2*) and pFAK, NOTCH4 and its cleaved form in MI6 cells than WTHER2_1 cells ([Figure 3c](#fig3){ref-type="fig"}). As the EMT/stemness programs are reportedly associated with cancer cell motility,^[@bib25]^ we compared the invasive ability of MI6 vs WTHER2_1 cells and found that d16HER2-positive cells migrated and invaded significantly more efficiently than WTHER2_1 cells ([Figure 3d](#fig3){ref-type="fig"}).

Analysis of the stemness of d16HER2- and WTHER2-positive tumor cells
--------------------------------------------------------------------

To further test the potential role of d16HER2 in sustaining stemness of HER2-positive BC, we first evaluated the mammosphere-forming efficiency (MFE) of MI6 vs WTHER2_1 cells. We found that the MFE of MI6 cells was significantly higher in both the first (1st) and second (2nd) mammosphere generation passages compared with WTHER2_1 cells ([Figure 4a](#fig4){ref-type="fig"}), allowing MI6 cells to undergo self-renewal more efficiently than WTHER2_1 cells ([Figure 4b](#fig4){ref-type="fig"}). Moreover, MI6 cells were differentially enriched in BCICs compared with WTHER2_1 cells, as demonstrated by multiparametric flow cytometry analysis to assess the relative frequency of CD29^High^/CD24^+^/SCA1^Low^ cells, a subset reportedly enriched in murine mammary stem cells.^[@bib26]^ The results from three independent experiments revealed that the frequency of CD29^High^/CD24^+^/Sca1^Low^ cells was 3.7%±0.6% in MI6 cells and 0.2%±0.2% in WTHER2_1 cells ([Figure 4c](#fig4){ref-type="fig"}). We also tested the frequency of CD29^High^/CD24^+^/SCA1^Low^ cells in the HER2-positive-gated fraction of d16HER2 (*n*=4) and WTHER2 (*n*=3) disaggregated spontaneous tg primary lesions ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) and found a mean frequency of 11.6%±1.3% and 6.8%±2.4%, respectively, supporting a role for d16HER2 in sustaining HER2 BC stemness '*in vivo*\' ([Figure 4d](#fig4){ref-type="fig"}). In addition, analysis of the tumor-forming ability of both cell lines in syngeneic FVB mice injected with MI6 or WTHER2_1 cells at different multiplicities showed a significantly increased MI6 *in vivo* tumor uptake vs WTHER2_1 cells ([Figure 4e](#fig4){ref-type="fig"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In particular, we observed that as few as 10^3^ MI6 cells were able to grow in 33% of injected mice, whereas WTHER2_1 cells developed tumors in 17% of injected mice only at a higher (10^4^) cell multiplicity ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In addition, the extreme limiting dilution assay estimated a \>10-fold increase in BCICs frequency in MI6 (1/4,601) vs WTHER2_1 cells (1/61,573) ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}), providing further evidence for enrichment of a BCIC sub-population in d16HER2-positive cells. In keeping with the sharp evidence of NOTCH4 activation in MI6 vs WTHER2_1 cells cultured in adhesion conditions ([Figure 3c](#fig3){ref-type="fig"}), we evaluated the potential role of the *Notch* pathway in the increased ability of MI6 vs WTHER2_1 cells to form mammospheres. We treated MI6 and WTHER2_1 spheres with DAPT (*N*-{*N*-(3,5-difluorophenacetyl)-[l]{.smallcaps}-alanyl}-*S*-phenylglycine t-butyl ester) ([Figure 4f](#fig4){ref-type="fig"}) or RO4929097 ([Figure 4g](#fig4){ref-type="fig"}), two different γ-secretase inhibitors that specifically block the cleavage of NOTCH family members and thereby inhibit generation of the active intracellular domain.^[@bib27]^ Both agents significantly reduced the MFE only in MI6 cells ([Figures 4f and g](#fig4){ref-type="fig"}).

Analysis of the stemness of d16HER2- and WTHER2-engineered human BC cells
-------------------------------------------------------------------------

To address the candidacy of d16HER2 as the main factor of HER2-driven stemness vs the full-length receptor, we compared their effects in the enrichment of human BCIC frequency and infected MCF7 and T47D cells with viral vectors encoding d16HER2 or WTHER2 genes. We generated bulk cell populations named MCF7_d16, T47D_d16 and MCF7_WT, T47D_WT to express higher levels of d16HER2 and/or WTHER2 transcripts/proteins, respectively, vs their basal levels expressed in the Mock counterparts (MCF7-Mock and T47D-Mock) infected with the empty viral vector ([Supplementary Figures S2A](#sup1){ref-type="supplementary-material"} and B left and right). First, we measured the relative expression of d16HER2 and WTHER2 genes in transduced cell lines ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}, left and right). The increased mRNA levels coupled to the corresponding upregulation of the d16HER2 and WTHER2 proteins in all infected cell models vs their Mock counterparts ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}, left and right). Interestingly, cytogenetic analyses revealed the same triploid karyotypes in all tested tumor cell lines independent of the transgene inserted ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). To evaluate stem cell enrichment in human cell models, we tested their ability to generate mammospheres ([Figures 5a and b](#fig5){ref-type="fig"}) and stained the cells for aldehyde dehydrogenase (ALDH) ([Figures 5c--f](#fig5){ref-type="fig"}) using the diethylaminobenzaldehyde, a specific inhibitor of ALDH, to control the background fluorescence ([Supplementary Figures S3A](#sup1){ref-type="supplementary-material"} and B). The MFE of d16HER2- and WTHER2-engineered MCF7 ([Figure 5a](#fig5){ref-type="fig"}) and T47D ([Figure 5b](#fig5){ref-type="fig"}) cells was always significantly higher in d16HER2 cells vs their WTHER2- and Mock-engineered cell counterparts, supporting that the d16HER2 variant sustains a more consistent BCIC enrichment vs the WTHER2 receptor in the human setting. A comparative analysis of the percentage (%) of ALDH-positive cells, a cell subset that displays features of stem cells,^[@bib28]^ in MCF7-d16 ([Figure 5c](#fig5){ref-type="fig"}, left) vs MCF7-WT cells ([Figure 5c](#fig5){ref-type="fig"}, right) and in T47D_d16 ([Figure 5e](#fig5){ref-type="fig"}, left) vs T47D_WT cells ([Figure 5e](#fig5){ref-type="fig"}, right), provided a clear evidence of an enrichment of ALDH-positive cells in d16HER2-engineered models vs WTHER2-positive and Mock cells ([Figures 5d and f](#fig5){ref-type="fig"}).

Using multiparametric FACS analyses, we also tested the expression of the membrane protein CD44 ([Figures 6a and b](#fig6){ref-type="fig"}), a specific marker of mesenchymal CIC fraction.^[@bib29]^ In the HER2-positive cell subsets of all transduced cell models, we observed marked CD44 staining in d16HER2-positive cells compared with WTHER2-positive cells and their corresponding Mock cells ([Figures 6a and b](#fig6){ref-type="fig"}). Confocal microscopy analyses showed a higher co-expression of CD44 with d16HER2 in MCF7 and T47D cells ([Figures 6c and d](#fig6){ref-type="fig"}, upper) vs their WT-infected counterparts ([Figures 6c and d](#fig6){ref-type="fig"}, lower). In addition, we quantified the fluorescence intensity of CD44 staining in HER2-positive cell fractions of infected MCF7_d16 and T47D_d16 cells vs their corresponding WT and Mock counterparts ([Figures 6e and f](#fig6){ref-type="fig"}). The results showed significantly higher expression of CD44 in d16HER2-expressing cells vs WTHER2-positive and Mock cells.

Association of d16HER2 expression/activation with the NOTCH signaling pathway
-----------------------------------------------------------------------------

To examine the impact of d16HER2 expression on the stemness of HER2-positive BC patients and investigate the stem cell-related signaling pathway involved in d16HER2-driven stemness, we analyzed BC cases from two distinct HER2-positive cohorts according to the levels of the 'activated-d16HER2 metagene\'.^[@bib13]^ In particular, we studied the gene expression profile of 53 primary HER2-positive cases^[@bib30]^ included in the GHEA study^[@bib31]^ and 52 profiled HER2-positive cases derived from the NKI study.^[@bib32]^ GSEA analysis using the *Notch*, *Wnt, Hedgehog* and *mTOR* gene lists ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) showed that *Notch* pathway-related genes were significantly enriched (*P*=0.056, NES=1.48 for the GHEA data set and *P*=0.015, NES=1.68 for the NKI data set; data not shown) and highly expressed in HER2-positive BC characterized by high levels of 'activated-d16HER2 metagene\', compared with those with low metagene expression in the GHEA ([Figure 7a](#fig7){ref-type="fig"}) and NKI ([Figure 7b](#fig7){ref-type="fig"}) BC series. The analysis of genes described as downstream signal transducers of NOTCH receptors whose expression is indicative of pathway activation^[@bib33]^ revealed significantly higher levels of *HEY1*, *HES5* and *HES6* genes in cases from the GHEA cohort with elevated expression of the 'activated-d16HER2-metagene\' vs those with low expression ([Figure 7c](#fig7){ref-type="fig"}). In the NKI cohort, HEY1, HEY2 and HES4 were highly expressed in tumors with highly 'activated-d16HER2 metagene\' expression ([Figure 7d](#fig7){ref-type="fig"}), strongly implicating the expression/activation of the d16HER2 variant in human HER2-positive BCICs.

Discussion
==========

In this study, we provide evidence that d16HER2 variant constitutes an important HER2 isoform that sustains both the EMT program and maintenance/expansion of BCICs in HER2-positive pre-clinical and clinical BC settings. Our molecular comparison of d16HER2- and WTHER2-positive cell profiles indicates that the d16HER2 variant rather than WTHER2 receptor contributes significantly to EMT and stemness, two hallmarks of tumor initiation and progression. This finding supports the relevance of d16HER2 in the development/progression of HER2-positive BC, as also very recently observed in novel *ad hoc* engineered murine models.^[@bib14]^ The greater ability of d16HER2- than WTHER2-positive cells to actively proliferate in an anchorage-independent growth milieu rests in the better capacity of d16HER2 cells to confer resistance to anoikis, a physiological programmed cell death of cells detached from the extracellular matrix.^[@bib34]^ This ability may rest, in part, in the dynamic cross-talk between d16HER2 and pSRC kinase,^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ a signaling node that facilitates HER2-dependent soft-agar colony formation.^[@bib35]^ It is well known that cancer cells exploit resistance to anoikis, as well as EMT and stemness,^[@bib34]^ in disseminating and colonizing distant organs.^[@bib36]^ Indeed, our KEGG and REACTOME pathway analyses revealed a significant enrichment of many cellular pathways, including those of the tight junction,^[@bib37]^ adherens junction,^[@bib38]^ focal adhesion,^[@bib38]^ *Wnt* ^[@bib39]^ and *Notch* signaling,^[@bib40]^ which are all involved in tumor aggressiveness in d16HER2 cells, underscoring the power of the spliced isoform rather than full-length HER2 in regulating tumor progression and stemness. In fact, our GSEA analysis of the d16HER2 transcriptome revealed a significant enrichment of *Wnt* and *Notch* pathway-related genes, known to be aberrantly activated and to cooperate in a synchronized manner in BCICs and to contribute to activation and progression of the EMT program.^[@bib25],\ [@bib41],\ [@bib42],\ [@bib43]^ Very recently, Turpin *et al.*^[@bib14]^ reported that their murine d16HER2-engineered models, referred to as ErbB2ΔEx16-expressing tumors, have several unique pathological features, including the activation of transcription factors such as Stat3, Smad2, YB-1 and HIF1α, which are known to be heavily implicated in regulating the EMT process that is involved in BC stem cell renewal. In addition, our findings showing a significantly higher *in vitro* MFE and self-renewal ability in MI6 vs WTHER2_1 cells, combined with an enrichment of cells with the CD29^High^/CD24^+^/Sca1^Low^ phenotype,^[@bib26]^ support an active role for the d16HER2 variant in HER2-positive BC stemness. In keeping, *in vivo* self-renewal of MI6 and WTHER2_1 cells, as measured by the gold-standard limiting dilution *in vivo* assay,^[@bib44]^ was significantly increased in the d16HER2-positive model. To validate these data, we showed that the ectopic expression of d16 vs WTHER2 was both necessary and sufficient to significantly increase not only the MFE but also the fraction of ALDH-positive cells in both engineered MCF7 and T47D tumor cells, thus unveiling a direct action of d16HER2 in human HER2-positive BCICs. In addition, a comparative analysis of WTHER2-infected human BC cells and their Mock counterparts showed both an increased percentage of ALDH-positive cells and a significantly greater capability to form mammospheres in MCF7_WT cells, thus demonstrating that the full-length HER2 receptor regulates BCICs in human BC,^[@bib18]^ but to a lesser extent than the d16HER2 splice variant. In light of reported data^[@bib29]^ indicating the co-existence of two distinct BCIC compartments characterized by epithelial-like (ALDH-positive) or mesenchymal-like (CD44+/CD24--) cells, we also analyzed the expression of CD44 in the HER2-positive fractions of the engineered cell lines and found a higher expression of CD44 in d16- vs WT- and Mock-infected cells, suggesting that d16HER2 sustains two stem cell compartments. The increased expression of CD44 guided by the ectopic expression of d16HER2 provides additional evidence of the potent stemness signaling driven by d16HER2 and supports a biological explanation of the findings reported by Alajati *et al.*^[@bib12]^ who observed an increased expression of mesenchymal-related proteins. In support of our current hypothesis suggesting that d16HER2 is the key HER2 isoform regulating HER2-driven stemness, clinical verification of our pre-clinical data performed on two independent gene expression data sets of HER2-positive BC patients evidenced a significant enrichment of *Notch* genes and several related target genes in HER2-positive BC expressing high levels of 'activated-d16HER2 metagene\' that is, those exhibiting a high level of tumor metastasis, cell motility and hypoxia pathways and a high responsiveness to Trastuzumab.^[@bib13]^ The functional evidence that a dynamic cross-talk occurs between the pd16HER2D/pSRC signaling axis and NOTCH molecules comes from the efficiency of the γ-secretase inhibitors DAPT- and/or RO4929097 to significantly inhibit mammosphere formation in MI6 vs WTHER2_1 cells. Based on a well-established literature demonstrating a strict relation between HER2 and NOTCH signaling,^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ our pre-clinical and clinical findings suggest that d16HER2 rather than WTHER2 is the real driver of the link between these two pathways. Finally, it was reported that one of the molecular mechanisms that may account for the clinical efficacy of Trastuzumab in women with HER2 BC may be explained by the cancer stem cell model.^[@bib16]^ In this context, we recently showed that HER2-positive BCs expressing high levels of activated d16HER2 derive the greatest benefit from Trastuzumab,^[@bib13]^ supporting that in these tumors Trastuzumab can target cancer stem cells responsible for tumor progression.

In summary, our studies directed toward understanding the role of the d16HER2 variant in development and tumorigenesis of HER2-positive BC shed preliminary insights into the importance of this isoform in governing aggressiveness/progression of HER2-positive BC.

Materials and methods
=====================

Tumor cell lines
----------------

MI6 and WTHER2_1, previously known as WTHER2, primary mammary tumor cell lines have been described previously.^[@bib13],\ [@bib45]^ The MI7 and WTHER2_2 cell lines, which express the d16HER2 and WTHER2 transgenes, respectively, were established from spontaneous primary mammary carcinomas of FVB-d16HER2 tg female mouse in 2012, (Molecular Targeting Unit, Department of Experimental Oncology and Molecular Medicine, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy) and FVB-huHER2 tg female mouse in 2009 (Laboratory of Immunology and Biology of Metastases, Department of Experimental, Diagnostic and Specialty Medicine, University of Bologna, Bologna, Italy). All tumor cell lines were maintained in complete MammoCult medium (StemCell Technologies, Vancouver, Canada) supplemented with 1% fetal bovine serum (Sigma-Aldrich, St Louis, MO, USA) and penicillin--streptomycin (Sigma-Aldrich). Human luminal BC cell lines MCF7 and T47D that express basal/very low levels of HER2 were obtained from ATCC (Rockville, MD, USA) and grown as monolayer cultures in RPMI 1640 (EuroClone, Pero, Milan, Italy) with 10% fetal bovine serum and gentamycin (40 μg/ml). Human cell lines were obtained between 2000 and 2010 and authenticated by short tandem repeat DNA fingerprinting using the AmpFISTR identifier PCR Amplification Kit (Thermo Fisher, Waltham, MA, USA) yearly (last verification, November 2015). All tumor cell lines were cultured at 37 °C in a humidified 5% CO~2~ atmosphere and routinely tested for mycoplasma contamination.

Generation of human engineered cell lines
-----------------------------------------

Lentiviral vectors coding for d16HER2 and WTHER2 were constructed using a third-generation self-inactivating lentiviral system that, being based on four different plasmids, offers maximal biosafety. The backbone consisted of pRRL-sin-cPPt.CMV-GFP.WPRE (kindly provided by Dr Ferrari, HSR, Milan) in which the GFP sequence was replaced by either d16HER2 or WTHER2 transgenes. For details, view [Supplementary Methods](#sup1){ref-type="supplementary-material"}. MCF7 and T47D cells infected with pRRL-SIN-CMV-d16HER2 and pRRL-SIN-CMV-WTHER2 were, respectively, named MCF7_d16, T47D_d16, MCF7_WT and T47D_WT and were always tested in parallel with corresponding mock cells as control. Human transduced cell lines were enriched for d16HER2 and WTHER2 expression by an immune-based cytofluorimetric cell sorting performed under sterile conditions before each bioassay, except for the MFE evaluation. Briefly, d16HER2- and WTHER2-positive cells were incubated for 30 min at 0 °C with anti PE-anti-human CD340 (erbB2/HER2) antibody (BioLegend, San Diego, CA, USA), washed twice with PBS 1X and sorted using a FACS Aria cytometer (BD Bioscience, San Jose, CA, USA). The HER2-positive engineered cells were identified using the basal expression of HER2 in MCF7-Mock and T47D-Mock cells as threshold.

RNA isolation and gene expression profiles of mammary tumor cell lines
----------------------------------------------------------------------

Total RNA from MI6, MI7, WTHER2_1 and WTHER2_2 mammary tumor cells was extracted using Qiazol (Qiagen, Valencia, CA, USA). After sample cleanup using the RNAeasy kit (Qiagen) following the manufacturer\'s recommendations and using RNase-free DNase to remove contaminating genomic DNA, RNA quantity and purity were evaluated using the Qubit 2.0 Fluorometer (LifeTechnologies, Carlsbad, CA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), respectively. Gene expression profiles were generated using the Illumina MouseWG-6 v2.0 Expression BeadChip (Illumina, Inc., San Diego, CA, USA), according to Illumina protocol. Gene expression data were deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) with accession number GSE67300. For details, view [Supplementary Methods](#sup1){ref-type="supplementary-material"}. Unsupervised hierarchical clustering was based on the top 5000 genes with the greatest variation according to the inter quartile range. Manhattan distance and Ward\'s linkage were used as clustering parameters. Differentially expressed genes between d16HER2 and WTHER2 cells were identified using the limma package (16646809). Multiple-testing correction was performed using the Benjamini--Hochberg false discovery rate. For functional annotation of differentially expressed genes, we performed over-representation analysis using gene sets from KEGG and Reactome gene sets from the MSigDB website (<http://software.broadinstitute.org/gsea/msigdb>). The statistical significance of overlap was calculated through the hypergeometric test followed by false discovery rate calculation. To assess the association of *ad hoc* gene sets ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) with the d16HER2 or WTHER2 phenotype, we applied GSEA version 2.2.0 (16199517). GSEA was run using a pre-ranked gene list according to the *t*-statistic obtained from differential expression analysis with limma. Enrichment was considered significant at *P*\<0.05.

Statistical analyses
--------------------

Associations among categorical variables were tested by Fisher\'s exact test. Differences between groups for continuous variables were tested using a two-tailed unpaired or paired Student\'s *t*-test when appropriate. Differences were considered significant at *P*\<0.05. All analyses were performed using GraphPad Prism version (5.02; GraphPad Software, Inc., La Jolla, CA, USA).

We thank Mrs Ghirelli and Mrs Ratti for technical assistance, the Functional Genomics Core Facility and the Flow Cytometry and Cell Sorting Facility of the Fondazione IRCCS Istituto Nazionale dei Tumori, Milan for their support in gene expression profile analyses and in the multiparametric cytofluorimetric analyses, and Mrs Mameli for secretarial assistance. This work was funded by grants from the Associazione Italiana Ricerca Cancro (AIRC) 10352 and 16918 to SM Pupa and AIRC 15324 to PL Lollini; Fellowship 15002 to L Castagnoli; and Ministero Italiano della Salute RF-2009-1532281 to SM Pupa.

**Availability of data and materials**

The data sets supporting the conclusions of this article are available at the National Center for Biotechnology Information\'s Gene Expression Omnibus (GEO) and are accessible through GEO Series accession numbers GSE67300 and GSE55348 (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55348>).

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on the Oncogene website (http://www.nature.com/onc)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![Characterization of d16HER2- and WTHER2-positive cell lines. (**a**) Fluorescence *in situ* hybridization (FISH) analyses of metaphases spreads obtained from MI6 (i), MI7 (ii), WTHER2_1 (iii) and WTHER2_2 (iv) tumor cell lines. (**b**) FACS analysis of MI6, MI7, WTHER2_1 and WTHER2_2 tumor cells stained with the PE-conjugated anti-HER2 antibody CD340. The results are the mean±s.d. (*n*=3). (**c**, **d**) Western blotting analyses of the signal transduction axis downstream of d16HER2 (**c**, **d**, left) and WTHER2 (**d**, right) forms. (**c**) Protein extracts from MI6 and MI7 cell lines were separated by 3--8% gradient SDS--PAGE under non-reducing conditions and probed with anti-HER2 (d16HER2M and D) and anti-phosphoHER2 (pd16HER2M and D) antibodies. (**d**) Left, the same protein extracts were separated by 4--12% gradient SDS--PAGE under reducing conditions to evaluate the basal and activation status (p) of d16HER2M, SRC, AKT and MAPK. (**d**) Right, protein extracts from WTHER2_1 and WTHER2_2 cells were separated by 4--12% gradient SDS--PAGE under reducing conditions to evaluate the basal and activation status (p) of WTHER2, SRC, AKT and MAPK. Actin was used to normalize protein loading. Autoradiographs of the left and right panels were acquired at different exposure times to obtain optimal image resolution. (**e**) Anchorage-independent clonal efficiency (%) of MI6 (*n*=6), MI7 (*n*=9), WTHER2_1 (*n*=10) and WTHER2_2 (*n*=7) cells after 15 days of 3D cell culture. The results are the mean±s.d. Significance was calculated by a two-tailed unpaired *t*-test.](onc2016338f1){#fig1}

![Molecular analyses of d16HER2- and WTHER2-positive cell lines. (**a**) Dendrogram obtained from hierarchical clustering of MI6, MI7, WTHER2_1 and WTHER2_2 tumor cell lines based on the expression of the top 5000 most variable genes. (**b**) Volcano plot of log~2~ fold changes vs --log~10~ false discovery rate (FDR) showing transcriptional differences between d16HER2 and WTHER2 cells. Vertical dashed lines represent the 1.5-fold change cut-off and the horizontal dashed line denotes the 0.05 FDR cut-off. Up- and downregulated genes are highlighted in red and green, respectively. (**c**) Bar plot showing significantly enriched KEGG and REACTOME pathways in genes upregulated in MI6 and MI7 (orange bars) or WTHER2_1 and WTHER2_2 cells (green bars). (**d**) GSEA enrichment plots of Wnt and *Notch* gene sets in d16HER2 cells compared with WTHER2. NES, normalized enrichment score. (**e**) Heatmap showing the expression in d16HER2 and WTHER2 cells of differentially expressed genes included in the Wnt and Notch gene sets.](onc2016338f2){#fig2}

![Differential expression of EMT- and stemness-related genes and proteins in MI6 and WTHER2_1 cells and invasiveness properties. (**a**) Analysis of EMT and stem cell-related genes differentially expressed (fold) in MI6 vs WTHER2_1 cells as shown by the Mouse EMT RT2^2^ Profiler PCR Array. Changes in gene expression were analyzed by SABioscience software (SABiosciences, Qiagen, Hilden, Germany) using GAPDH for normalization. (**b**) Quantitative reverse transcriptase (qRT)--PCR validation of the differential expression of genes involved in EMT and stemness. The data are the mean±s.d. (*n*=2) and given as fold increase of relative expression in MI6 vs WTHER2_1 cells (MI6/WTHER2_1). (**c**) Western blot analyses of MI6 and WTHER2_1 protein extracts separated by 4--12% gradient SDS--PAGE under reducing conditions to evaluate SOX10, basal and activated FAK (pFAK), TGFβ, basal and cleaved NOTCH4 and WNT5A proteins. Vinculin and Actin were used to normalize protein loading. Autoradiographs were acquired at different exposure times to obtain optimal image resolution. (**d**) Migration and invasion capability of MI6 and WTHER2_1 cells. The results are the mean±s.d. (*n*=3). Significance was calculated by a two-tailed unpaired *t*-test.](onc2016338f3){#fig3}

![Comparison of stemness features in MI6 and WTHER2_1 cells and in spontaneous primary mammary lesions. (**a**) First and second mammosphere generation by MI6 and WTHER2_1 cells evaluated as MFE (%). (**b**) Self-renewal in MI6 and WTHER2_1 cells. The results in **a** and **b** are the mean±s.d. (*n*=3). (**c**, **d**) Multiparametric FACS analysis of the CD29^High^/CD24^+^/SCA1^Low^ stem cell subset in MI6 and WTHER2_1 cells and in spontaneous primary mammary lesions from tg d16HER2 (*n*=4) and WTHER2 (*n*=3) mice. All analyses were performed after gating live cells according to SSC and FSC parameters only in the HER2-positive tumor cell subset. (**e**) Tumor-forming ability (outgrowths/injections %) of MI6 and WTHER2_1 cells injected at different serial dilutions starting from 10^6^ to 10 cells into the mammary fat pad of parental FVB mice (*n*=12 for each animal group except for 10^5^ and 10^3^ WTHER2_1 cell dilutions, *n*=10). (**f**, **g**) MFE inhibition (%) in MI6 and WTHER2_1 mammospheres treated with DAPT (0.5 and 1 μ[M]{.smallcaps}) (**e**) and RO4929097 (2 and 4 μ[M]{.smallcaps}) (**f**). The results are the mean±s.d. (*n*=3). Significance was calculated by a two-tailed unpaired *t*-test.](onc2016338f4){#fig4}

![Comparison of stemness-related features driven by d16HER2 and WTHER2 in engineered human BC cells. (**a**) First mammosphere generation by MCF7-Mock, MCF7_d16 and MCF7_WT and of (**b**) T47D-Mock, T47D_d16 and T47D_WT evaluated as MFE (%). The results are the mean±s.d. (*n*=6). Significance was calculated by a two-tailed paired *t*-test. (**c**) Representative plots and (**d**) summary of the data showing the % of ALDH-positive cells in the HER2-positive cell subset of MCF7_d16 and MCF7_WT cells and in bulk MCF7-Mock cells. The results are the mean±s.d. (*n*=3). (**e**) Representative plots and (**f**) summary showing the % of ALDH-positive cells in the HER2-positive cell subset of T47D_d16 and T47D_WT cells and T47D-Mock cells. The results are the mean±s.d. (*n*=3). Significance was calculated by a two-tailed unpaired *t*-test. The basal expression of HER2 in MCF7-Mock and T47D-Mock cells was established as the threshold to identify d16 and WT-positive cellular subsets in the bulk MCF7_d16, MCF7_WT, T47D-d16 and T47D-WT engineered cell lines.](onc2016338f5){#fig5}

![Differential expression of CD44 in engineered human BC cell lines. (**a**, **b**) Representative FACS analysis of CD44 expression levels in HER2-positive cell subsets of MCF7_d16 and MCF7_WT and in bulk MCF-Mock (**a**) and in T47D_d16, and T47D_WT and in bulk T47D-Mock-infected cells (**b**). (**c**, **d**) Representative immunofluorescence of expression and co-expression (merged) of HER2 (red) and CD44 (blue) markers in the HER2-positive cell subsets of MCF_d16 and MCF_WT cells (**c**) and of T47D_d16 and T47D_WT-infected cells (**d**) were evaluated by confocal microscopy. The nuclei were counterstained with DAPI-Prolong (cyan). (**e**, **f**) Box plot showing CD44 fluorescence intensity in HER2-positive cell subsets of MCF7_d16, MCF7_WT and in bulk MCF7-Mock (**e**) and in T47D_d16, T47D_WT and in bulk T47D-Mock-infected cells (**f**). Significance was calculated by a two-tailed unpaired *t*-test.](onc2016338f6){#fig6}

![Association of 'activated-d16HER2 metagene\' levels with the NOTCH pathway in human HER2-positive BCs. (**a**, **b**) *Notch* pathway expression in human HER2-positive BCs of GSE55348^(ref.\ [@bib30])^ (**a**) and NKI data sets^[@bib32]^ (**b**) according to the 'activated-d16HER2 metagene\' classification. The data are shown as the mean of log2 expression of genes belonging to the *Notch* gene list ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). (**c**, **d**) Expression levels of *Notch-*downstream genes in human HER2-positive BCs of GSE55348 (**c**) or NKI (**d**) data sets with high or low expression of 'activated-d16HER2 metagene\'. Significance was calculated by a two-tailed unpaired *t*-test.](onc2016338f7){#fig7}
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